Background: Erythrocytes contribute to nitrite-mediated NO signaling, but the mechanism is unclear. Results: Deoxyhemoglobin accounts for virtually all NO made from nitrite by erythrocytes with no contributions from other proposed pathways. Conclusion: Deoxyhemoglobin is the primary erythrocytic nitrite reductase operating under physiological conditions. Significance: Reduction by deoxyhemoglobin accounts for nitrite-mediated NO signaling in blood mediating vessel tone and platelet function.
Nitrite signaling likely occurs through its reduction to nitric oxide (NO). Several reports support a role of erythrocytes and hemoglobin in nitrite reduction, but this remains controversial, and alternative reductive pathways have been proposed. In this work we determined whether the primary human erythrocytic nitrite reductase is hemoglobin as opposed to other erythrocytic proteins that have been suggested to be the major source of nitrite reduction. We employed several different assays to determine NO production from nitrite in erythrocytes including electron paramagnetic resonance detection of nitrosyl hemoglobin, chemiluminescent detection of NO, and inhibition of platelet activation and aggregation. Our studies show that NO is formed by red blood cells and inhibits platelet activation. Nitric oxide formation and signaling can be recapitulated with isolated deoxyhemoglobin. Importantly, there is limited NO production from erythrocytic xanthine oxidoreductase and nitric-oxide synthase. Under certain conditions we find dorzolamide (an inhibitor of carbonic anhydrase) results in diminished nitrite bioactivation, but the role of carbonic anhydrase is abrogated when physiological concentrations of CO 2 are present. Importantly, carbon monoxide, which inhibits hemoglobin function as a nitrite reductase, abolishes nitrite bioactivation. Overall our data suggest that deoxyhemoglobin is the primary erythrocytic nitrite reductase operating under physiological conditions and accounts for nitrite-mediated NO signaling in blood.
At one time nitrite was thought to be biologically inert (1) . However, it is now recognized that nitrite plays important roles in various physiological processes, such as blood pressure control, hypoxic vasodilation, and the inhibition of platelet activation, and its use is being explored for various therapeutic applications (2) (3) (4) . For example, administration of nitrite by infusion has been shown to increase blood flow, and its physiological administration through dietary nitrate has been shown to decrease blood pressure (5) (6) (7) (8) (9) (10) . These actions have been associated with production of NO from nitrite reduction in the vasculature (5) . Moreover, reduction of nitrite to nitric oxide (NO) has been shown to occur preferentially under hypoxic conditions (5) , suggesting a role in hypoxic-NO signaling.
Although the ability of nitrite to modulate blood flow is now widely accepted, its mechanism of bioactivation remains controversial. Deoxygenated (HbFe 2ϩ ) or partially deoxygenated hemoglobin (Hb) was originally hypothesized to be responsible based on the reaction originally proposed by Brooks (11) .
Here, deoxygenated hemoglobin (deoxyHb) reduces nitrite to NO and forms methemoglobin (metHb). The reaction is potentiated in hypoxia and acidosis (5, 12, 13) .
A major challenge to the notion that deoxyHb is responsible for nitrite reduction to NO is that once NO is formed in the red blood cell (RBC) 5 , it will quickly bind to another deoxyHb NO ϩ HbFe 2ϩ ¡ HbFe 2ϩ -NO (Eq. 2) or react with oxygenated hemoglobin (oxyHb) to form metHb and nitrate. Both of the these reactions are extremely fast (3-7 ϫ 10 7 M Ϫ1 s Ϫ1 ) ( 14 -18) , and the formation of nitrate from NO is irreversible in blood. Thus, based on an analysis of these rate constants, NO formed in the red blood cell is not likely to escape scavenging. Several pathways have been proposed that could potentially lead to the export of NO activity from the red cell (19 -27) , but none of these proposed mechanisms has been proven, and all have been challenged (28, 29) .
Other proposed mechanisms to explain the nitrite role in modulating blood flow include reduction to NO in the vessel by xanthine oxidoreductase (XOR) (9, 30, 31) , aldehyde oxidase (30) , or smooth muscle myoglobin (32, 33) . However, several lines of evidence support a role for the erythrocyte. Experiments performed with aortic ring bioassays showed that nitritemediated vasodilation, which increases as the oxygen tension decreases, is increased when red blood cells are present (5) . Although this action of red blood cells was challenged in one study (34) , subsequent studies clearly demonstrate that NO scavenging by Hb is counterbalanced by nitrite-mediated NO production from deoxyHb (35, 36) .
More recently, significant support for a physiological role of the red blood cell in the bioactivation of nitrite and NO signaling comes from studies examining platelet activation by nitrite and red cells (35, 37, 38) . NO is known to inhibit platelet activation via soluble guanylate cyclase activation and cGMP signaling (39 -42) . Whereas nitrite alone has no effect on platelet activation, when nitrite is added in combination with red blood cells, platelet activation is inhibited in association with intracellular platelet cGMP formation (37) . The inhibition of platelet activation by nitrite and red blood cells is abrogated by the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (CPTIO) and promoted by deoxygenation of the red blood cell (35, 37, 38) . Importantly, two groups have now shown that nitrite also inhibits platelets systemically in humans; however, this effect only occurs in vitro with exposure of nitrite to whole blood with no effects observed on isolated platelet rich plasma (35, 38) . This in vivo effect is potentiated under hypoxia, again consistent with hemoglobin deoxygenation (35) . Thus, there is substantial evidence supporting a role of the red blood cell in nitrite bioactivation.
In addition to hemoglobin, XOR, erythrocytic endothelial nitric-oxide synthase (eNOS), and carbonic anhydrase (CA) have been proposed to be responsible for red blood cell-mediated nitrite reduction (9, 31, 43) . The resolution of these controversies is central to our understanding of red cell signaling in the vasculature. In the current study we critically evaluate all proposed pathways for nitrite bioactivation by the red blood cell.
EXPERIMENTAL PROCEDURES
Blood was drawn from either normotensive or hypertensive volunteers into sodium heparin tubes under protocols approved by an Internal Review Board at Wake Forest University. Normotensive volunteers had not taken any anti-inflammatory nonsteroidal medication within a week at the time of blood draw. Hypertensive volunteers in this study were taking blood pressure medication. All hypertensive volunteers were required to have systolic blood pressure Ͼ130 mm Hg at an office screen visit to be qualified for the study (the average systolic blood pressure was 137.8 Ϯ 4.8, n ϭ 18). RBCs from hypertensive volunteers were used only when it is stated in the text; otherwise, RBCs from normotensive volunteers were employed. Allopurinol was freshly prepared in 0.1 M NaOH and used within 24 h. Immediately before use, allopurinol was diluted either in phosphate-buffered saline (PBS) at pH 7.4, pH 6.8, or pH 6.5. Trusopt, used as an ophthalmic solution (22 mg/ml) of dorzolamide (DZ), was purchased from Merck and diluted in PBS before experiments. L-NAME, sodium nitrite, and ADP were also prepared in PBS either at pH 7.4, pH 6.8, or pH 6.5. DEANONOate was first dissolved in 0.01 M NaOH and then further diluted with PBS just before use in experiments. Sodium nitrite (NaNO 2 ), allopurinol, XOR, sodium dithionite, and ADP were purchased from Sigma. L-NAME and DEANONOate were purchased from Cayman Chemical (Ann Arbor, MI). Monoclonal antibodies against anti-human CD 61 labeled with PerCP fluorescent tag and FITC-labeled GP IIb/ IIIa receptor neoepitope (PAC-1) antibodies were purchased from BD Biosciences. Human xanthine oxidase and ␤ actin antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX). HRP-labeled secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Normal human and mouse liver tissue lysates were purchased from BioChain (Newark, CA). Premade SDS 4 -20% linear gradient gels were purchased from Bio-Rad. Protease inhibitor mixture for mammalian tissues was purchased from Sigma. ECL Prime Western detection kit was purchased from GE Healthcare.
RBCs Solution and Cell-free Hemoglobin Solution Preparation-Immediately after blood draw, whole blood was used in platelet aggregation assays or washed for other assays. Red blood cells were washed by centrifugation (1000 ϫ g for 10 min) in phosphate-buffered saline (PBS) at pH 7.4, pH 6.8, or pH 6.5 at least three times or until the supernatants were clear. After the final wash, red blood cells were resuspended at 0.7 hematocrit (Hct). All the experiments were conducted within 24 h after the blood samples were drawn. Cell-free hemoglobin was prepared as described previously (44) . Deoxygenated washed red blood cells were prepared by blowing wet nitrogen across the suspension with gentle rocking at room temperature for 1 h for the platelet activation assay or at least 3 h for other assays. The average deoxygenation percentage of red blood cells was 87.2 Ϯ 7.9% as determined by absorption spectroscopy using a Cary 100 spectrometer equipped with an integrating sphere detector. CO-saturated RBC solutions (RBC-CO) were prepared by exposing washed red blood cells samples to 100% carbon monoxide for at least 3 h with gentle rocking at room temperature. The spectra of CO-bound RBCs were collected using a Cary 100 spectrometer to confirm the saturation of CO. Deoxygenated cell-free hemoglobin was prepared by deoxygenating cell-free hemoglobin using nitrogen, and the average deoxygenation percentage was 96.8 Ϯ 1.5% as determined by absorption spectroscopy using a Cary 50 spectrometer.
Time-resolved Absorption Spectroscopy-Stock solutions of sodium dithionite (400 mM), NADH (200 mM), XOR (1 mM), and nitrite (100 mM) were prepared in deoxygenated HEPES buffer (100 mM, pH 6.5). The allopurinol stock (100 mM) was prepared in 0.1 N NaOH. Samples were prepared in 1-cm quartz cuvettes purged with nitrogen and filled with 4 ml of deoxygenated HEPES buffer. Sodium dithionite (100 l, 10 mM final concentration), deoxygenated Hb (100 M final concentration), and NADH (20 l, 1 mM final concentration) were added to each cuvette. The relative importance of XOR was studied by the addition of 0, 1, or 10 M XOR in the presence or absence of allopurinol (4 l, 100 M final concentration), which is an XOR inhibitor. Nitrite (20 l, 500 M final) was added to each cuvette to initiate the reaction. Spectra were taken every 128 s or 180 s at 37°C in a Cary 100 UV-Vis spectrometer. Half-lives were determined by examination of kinetic fits to basis spectra and determination of when deoxygenated Hb fell to 50% of its initial value. Each experiment was repeated three times.
Nitrite Reduction to NO by Deoxygenated RBCs Measured Using EPR-Washed RBCs (0.7 Hct) from either normotensive or hypertensive volunteers were deoxygenated and mixed with deoxygenated hemoglobin (100 M). The mixture was equally separated into two aliquots. One aliquot was incubated with inhibitors: either allopurinol (100 M) for 30 min, L-NG-nitroarginine methyl ester (300 M) for 30 min, or dorzolamide or Trusopt (750 M) for 15 min. The other aliquot was incubated with vehicle (PBS solution at the same volume) for 15 or 30 min, respectively, before other procedures. NADH (100 M) was added to RBCs from hypertensive individuals in some experiments at 37°C to favor XOR activity. In other experiments 1 mM NADH or xanthine (10 M) was included. In one set of experiments XOR (10 M) was also added. Nitrite (100 M) was added to the mixture and incubated with the mixture at pH 7.4, pH 6.8, or pH 6.5 for 30 min at room temperature or 37°C. The final hematocrit of the mixture was brought to 0.5 using PBS. During the incubation, a portion of the mixture (0.5 ml) was collected in a tube at 15 and 30 min (or 5 and 30 min for experiments at pH 6.5) and frozen in liquid nitrogen immediately. The rest of the mixture was centrifuged at 3000 ϫ g for 2 min. The supernatant containing cell-free hemoglobin was collected in a tube and frozen at 50 min after the initiation of the reaction. During the experiment, mixtures were either mechanically rocked (at room temperature) or gently rocked manually (at 37°C). The concentration of the product nitrosyl hemoglobin (HbNO) at each time point was determined by electron paramagnetic resonance (EPR) using a Bruker EMX 10/12 spectrometer as described previously (45) .
Nitrite Reduction to NO by CO Saturated RBCs Measured Using EPR-We further explored erythrocytic nitrite reduction using carbon monoxide to block hemoglobin-mediated nitrite reduction using washed RBCs from normotensive volunteers. Nitrite (100 M) was incubated with the RBC-CO solution for 30 min. To confirm that NO can displace CO from Hb, we added the nitric oxide donor, DEANONOate (100 M), and examined HbNO formation in CO-saturated and deoxygenated RBCs during a 30-min incubation. Samples were collected and frozen at 15 and 30 min, and the HbNO concentration was examined using EPR.
NO Production Examination from Nitrite and RBCs Measured by a Chemiluminescent Nitric Oxide
Analyzer-An inline nitric oxide analyzer assay was employed using a threeneck round-bottom flask similar to that described previously (12) . One of the side necks was connected to incoming argon gas, and the other one was connected to the NaOH trap of a nitric oxide analyzer (Sievers). The flask sat in a water bath at 37°C throughout the experiment. A nitrite solution (20 ml at 20 mM) at pH 7.4, pH 6.8, or pH 6.5 was degassed in the three-neck round-bottom flask using the neck in the middle for at least 20 min. Washed red blood cells (0.5 Hct) from either normotensive or hypertensive individuals were deoxygenated and incubated with allopurinol (100 M), L-NAME (300 M), DZ (750 M), or vehicle (NaOH or PBS solution at same concentration) at 37°C and pH 7.4, pH 6.8, or pH 6.5 for 30 min. An aliquot (100 l) of the washed RBC mixture was added to the deoxygenated nitrite solution, and NO production was detected in the purged gas, which traveled in-line to the analyzer. The released NO was recorded for 20 min. The area below the increased NO signal curve and above the base line was calculated as the amount of NO produced from nitrite reduction. A ratio of the amount of NO produced by RBCs incubated with inhibitors or vehicle, ϩinhibitor/Ϫinhibitor, was calculated.
Additional experiments were conducted using RBCs from normotensive volunteers. First, instead of deoxygenated RBCs, oxygenated RBCs were incubated for 30 min with allopurinol (100 M), L-NAME (300 M), DZ (750 M), or vehicle and were added to a deoxygenated nitrite solution. Second, deoxygenated RBCs incubated with and without allopurinol (100 M), L-NAME (300 M), or DZ (250 M) were added to a CO-saturated nitrite solution that was prepared by bubbling the nitrite solution using 50% CO balanced with nitrogen for 20 min.
Effects of NO Production from Nitrite, RBCs, and Hemoglobin on Platelet Activation and Aggregation-Inhibition of platelet activation by nitrite in the presence of red blood cells or cellfree hemoglobin was examined and further explored using allopurinol, L-NAME, and DZ. Platelet rich plasma (PRP) was prepared by centrifuging whole blood at 120 ϫ g for 15 min at room temperature. PRP was removed by plastic disposable pipettes without disturbing the buffy coat and was stored in polypropylene tubes for use within 2 h. CO 2 was measured in PRP by a carbon dioxide enzymatic kit from BIOO Scientific, Austin, TX according to the manufacturer's recommendations.
All necessary materials were placed inside an air-tight glove bag filled with nitrogen gas. PRP was diluted 1:10 in deoxygenated PBS, pH 7.4, nitrite was added as indicated and washed RBCs were added to 0.2 Hct, and the samples were incubated at 37°C for 5 min. After 5 min, 20 M ADP was added and allowed to incubate for 10 min at 37°C. Samples were then transferred into PAC-1 and CD61 antibodies for 15 min in the dark and diluted 1:50 in 1% formaldehyde to stop the reaction. The procedures were similar for hemoglobin. For hemoglobin experiments, instead of adding RBCs, hemoglobin was added to a concentration of 100 M and allowed to incubate with platelets and nitrite for 5 min at 37°C before 2.5 M ADP was added. The average RBC oxygen saturation was 20%, and the average Hb oxygen saturation was 50% for deoxygenated samples as determined by absorbance spectroscopy. A BD Biosciences FACSCalibur flow cytometer and Cell Quest Pro software were used for data collection and analysis. The activation threshold was set so 99% of baseline platelets were beneath the threshold.
Platelet activation was further explored using allopurinol, L-NAME, or DZ at final concentrations of 100, 100, or 250 M, respectively. Washed red blood cells (0.5 Hct) were mixed with 15 l of PRP and nitrite (10 M) in the presence or absence of allopurinol, L-NAME, or DZ at pH 7.4 or 6.8. The total volume of the assay mixture was 105 l with a hematocrit of 0.15. After 5 min of incubation at 37°C, 20 M ADP (final concentration) was added to each reaction mixture and incubated for another 10 min. Monoclonal antibodies against human CD 61 and PAC-1 were then added, and the samples were further incubated for 15 min in the dark at room temperature. Finally, cells were fixed with 1% buffered formalin and kept in a refrigerator before examination by flow cytometry.
Platelet aggregation was examined using whole blood in the presence or absence of nitrite, allopurinol, or L-NAME and determined by impedance aggregometry using a Multiplate 5.0 Analyzer from diaPharma (West Chester, OH) at Wake Forest University School of Medicine. Multiplate analysis takes place in a single-use test cell that incorporates dual sensors and a Teflon-coated stirring magnet. Three hundred and fifty microliters of whole blood was incubated in the presence or absence of 10 M nitrite, 100 M allopurinol, or 300 M L-NAME for 5 min at 37°C. After 5 min of incubation, 300 l of the reaction mixture was added to the micro cell of the Multiplate 5.0 Analyzer. Aggregation was induced by 8 M ADP in presence of 0.9% NaCl and 1.5 mM CaCl 2 according to the manufacturer's recommendation. Aggregation was induced for 5 min at 37°C, and platelet aggregation was recorded.
Xanthine Oxidase Fluorometric Assay-A xanthine oxidase fluorometric Assay (Cayman Chemical) was performed following the manufacturer's instructions. This assay was used to confirm that the ability of our allopurinol preparation to inhibit xanthine oxidoreductase. The fluorescence from standard samples with allopurinol (100 M) was only 24% that from standard samples with control vehicle. Thus, the allopurinol we used for this study effectively inhibits XOR activity.
Xanthine Oxidase Western Blotting-For Western blotting, hemoglobin-free ghost RBCs were prepared from normal human blood as described previously (46) with some modifications. Briefly, RBC ghost cell membranes were prepared in cold hypotonic phosphate buffer, pH 7.4 (20 mosM) with protease inhibitor mixture. Ghost membranes were isolated and washed four times in cold PBS in the presence of protease inhibitor mixture. Proteins were extracted from ghost membranes by modified radioimmune precipitation assay buffer with phosphatase and protease inhibitors. 52 g of total ghost membrane proteins were loaded onto the SDS-polyacrylamide gel (4 -20% linear gradient). Proteins from SDS-PAGE were transferred onto the PVDF membrane and probed for xanthine oxidase. Polyclonal xanthine oxidase antibody at a dilution of 1:500 was added to the membrane and incubated at 4°C overnight. HRPlabeled second antibody at a dilution of 1:10,000 was used to detect primary antibody. For protein loading control, the same blot was stripped and re-probed with ␤ actin antibody at a dilution of 1:500. In some of the experiments we also used washed human RBCs to look for xanthine oxidase expression in Western blotting. Due to high content of Hb in RBCs, SDS gels were smeared. Thus, we only assayed Hb-free RBC ghost membranes for xanthine oxidase expression. RBCs from eight individual donors were used for ghost membrane preparation and probed for xanthine oxidase expression in Western blotting. All the experiments were repeated three times.
Statistical Analysis-Student's t test was used to test for statistical significance. Results were considered significant when p Ͻ 0.05. All values are presented as the mean Ϯ S.D.
RESULTS

Time-resolved Absorption Shows Relative Efficacy of Nitrite
Reduction by DeoxyHb Versus XOR-To test the relative efficacy of XOR in reducing nitrite compared with deoxygenated hemoglobin, we performed time-resolved absorption spectroscopy ( Fig. 1 ). In the presence of sodium dithionite, the reaction of Hb and nitrite results in complete conversion of deoxyHb (characterized by a single absorption peak at 555 nm) to HbNO (characterized by two peaks at 540 and 560 nm). The kinetics of the reactions (insets Fig. 1 ) should increase to the extent XOR simultaneously reduces nitrite to NO. In the absence of XOR (Fig. 1A) , the average half-life of the reaction was 9.3 Ϯ 0.8 min.
With the addition of 1 M XOR (Fig. 1B) , the half-life decreased to 6.7 Ϯ 3.6 min, and 10 M XOR (Fig. 1C ) decreased the half-life to 2.3 Ϯ 0.7 min. Incubation of allopurinol with 10 M XOR (Fig. 1D ) slowed the reaction down, giving an average half-life of 6.6 Ϯ 0.1 min. These results show that with only 100 M Hb (ϳ100 times less than what is in whole blood), ϳ1 M XOR is needed to contribute to NO generation from nitrite; this is greater than the concentration of XOR found in the liver (30) .
Allopurinol, a Xanthine Oxidoreductase Inhibitor, Does Not Inhibit NO Production from Red Cells Incubated with Nitrite-The role of xanthine oxidoreductase on erythrocytic nitrite reduction was studied by measuring NO production from nitrite in erythrocytes in the presence or absence of allopurinol using EPR detection of nitrosyl hemoglobin. In the assay nitrite was added to a mixture of deoxygenated RBCs and cell-free Hb (to capture NO released from the red cell) at pH 7.4, 6.8, or 6.5 to monitor production of NO by deoxyHb and/or XOR. Because red cell-encapsulated Hb was present at ϳ100-fold excess to cell-free Hb, most Hb-mediated nitrite reduction is expected to be formed inside the red cell (unlike in the case of NO, nitrite does not preferentially react with cell-free Hb as the nitrite/Hb bimolecular rate constant is so small). NO produced from nitrite reduction will bind to deoxyHb to form HbNO. EPR was used to determine the concentration of HbNO formed in the mixture at 15 and 30 min (and at 5 and 30 min for data collected at pH 6.5). The supernatant was also collected at 50 min to assess NO export from the red cell. Allopurinol was used to assess contributions from XOR ( Fig. 2 and Table 1 ). Representative EPR spectra from these experiments conducted with blood drawn from normotensive or hypertensive volunteers and room temperature are shown in Fig. 2, A and B , respectively. Spectra appeared similar in the presence or absence of allopurinol. When RBCs from normotensive volunteers were incubated with allopurinol at pH 6.5 and 37°C (Fig. 2C) , there was no significant difference between the amount of HbNO formed in mixtures with and without allopurinol at 5 min or 30 min in mixtures or 50 min in supernatants. No effect of allopurinol was also observed when RBCs from normotensive volunteers were incubated at pH 7.4 or pH 6.8 at room temperature or 37°C ( Table 1 ). The addition of xanthine (10 M) or NADH (1 mM) also did not result in an observable difference when allopurinol was added even though these have been shown to enhance erythrocytic XOR activity (31) . When RBCs from hypertensive volunteers were incubated at room temperature and pH 7.4 ( Fig. 2D ), no statistically significant difference was found between the amounts of HbNO formed with and without allopurinol in mixtures at 15 or 30 min or at 50 min in the supernatants.
To further explore a contribution to erythrocytic nitrite reduction by XOR, additional experiments were performed with the addition of 10 M XOR to the RBCs. In this case, where the experiments were carried out at 37°C and pH 6.5 for erythrocytes from normotensive individuals, NO production (as measured by HbNO formation) was significantly less when allopurinol was added ( Fig. 2E ). In addition, experiments with red blood cells from hypertensive volunteers were conducted with the addition of NADH at 37°C, pH 7.4, and the concentrations of HbNO in the presence or absence of allopurinol were not significantly different (Fig. 2F ).
Erythrocytic nitrite reduction by XOR was also determined by chemiluminescent detection of NO in the presence or absence of allopurinol. Deoxygenated RBCs incubated with allopurinol or vehicle were added to a deoxygenated nitrite solution, and NO was produced from nitrite reduction at pH 7.4, 6.8, or 6.5 and 37°C ( Fig. 3 and Table 1 ). Fig. 3A shows representative raw signals of NO production at pH 7.4 and 37°C using RBCs from normotensive volunteers. It is apparent that the NO signals produced when RBCs were incubated with allopurinol almost overlaps with the NO signal produced in the absence of allopurinol. Fig. 3B quantified the ratio ϩAllo/ ϪAllo between NO productions when RBCs were incubated with or without allopurinol for red blood cells from normotensive (0.99 Ϯ 0.1, n ϭ 5) and hypertensive volunteers (0.94 Ϯ 0.1, n ϭ 5) at pH 7.4 and 37°C. There is no significant difference in NO production by RBCs in the presence or absence of allopurinol using RBCs from either normotensive or hypertensive volunteers. NO production was also examined at pH 6.5 and 37°C using RBCs from normotensive volunteers (Fig. 3C) , and no significant difference was found between RBCs incubated with and without allopurinol. In addition, oxygenated RBCs that had been incubated with allopurinol or vehicle were added to a deoxygenated nitrite solution, and NO production was observed at pH 6.5 (Fig. 3C ). The signals from NO production with and without allopurinol overlapped (not shown). Allopurinol had no effect on nitrite reduction when oxygenated RBCs were added to deoxygenated nitrite solution at pH 7.4 or 6.8. Allopurinol also did not have any effect on NO production when experiments were conducted at pH 6.8 (Table 1) . JANUARY 9, 2015 • VOLUME 290 • NUMBER 2
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To examine whether our observed lack of activity of erythrocytic XOR correlated with low levels of this protein on erythrocytes we performed Western blots (Fig. 3D ). Whereas substantial detection of the XOR monomer was observed with an XOR positive control as well as with human and rat liver tissue, no XOR was detected from RBC ghost preparations. In all preparations using blood from eight different individuals, no XOR expression was ever observed from red cell ghosts. Thus, overall, our experiments using EPR and time-resolved absorption spectroscopy show that the contribution of XOR to NO production from native erythrocytes is severely limited and that we could only observe an allopurinol-inhibitable signal when exogenous XOR was added at levels substantially higher than that found in the liver.
The role of nitrite reduction by XOR was also determined by the inhibition of platelet activation. We confirmed earlier reports (37) that nitrite inhibits platelet activation in the presence of red blood cells (Fig. 4A) . Nitrite had no effect on platelet activation in the absence of red blood cells (data not shown) as established previously (37) . These data strongly support the notion that nitrite is reduced by erythrocytes, producing bioavailable NO. As a first step in showing that deoxyHb is the predominant nitrite reductase responsible for this activity, we showed that cell-free deoxyHb can inhibit platelet activation in the presence of nitrite (Fig. 4B) . To further explore the mechanism of nitrite-dependent reduction in platelet activation by red cells, we employed the specific inhibitor allopurinol as in our studies using EPR and chemiluminescence at pH 7.4 ( Fig.  4C and Table 1 ) and 6.8 (Fig. 4D and Table 1 ) under 37°C. The addition of red blood cells to human PRP and ADP reduces platelet activation at pH 7.4 (p ϭ 0.0001, n ϭ 7) and 6.8 (p ϭ 0.03, n ϭ 4), probably due to ADP uptake by red blood cells. The addition of nitrite (10 M) further reduces platelet activation at pH 7.4 (p ϭ 0.0005, n ϭ 7) and 6.8 (p ϭ 0.004, n ϭ 4). The addition of allopurinol did not have any additional effect on inhibition of platelet activation at either pH 7.4 or 6.8. In addition, we found that allopurinol had no effect on inhibition of platelet aggregation at pH 7.4 and 37°C (p ϭ 0.5, Table 1) .
No Effect on NO Production from Nitrite in the Presence of L-NAME-The effect of eNOS on erythrocytic nitrite reduction was studied by measuring NO production from nitrite in erythrocytes in the presence of L-NAME using EPR detection FIGURE 3 . Further studies examining the role of XOR in nitrite reductase activity of XOR using chemiluminescent detection of NO at 37°C. A, representative signals of chemiluminescence due to NO production from nitrite reduction by adding deoxygenated RBCs to a deoxygenated nitrite solution using RBCs from normotensive volunteers in the presence (ϩAllo in red) or absence of allopurinol (ϪAllo in blue) at pH 7.4. Deoxygenated RBCs (0.5 Hct) were added to a nitrite solution (20 ml, 20 mM) after ϳ5 min after recording the baseline signal, and NO production was observed for 20 min. B, the ratio of NO production by deoxygenated RBCs (n ϭ 5) in the presence or absence of allopurinol at pH 7.4. No significant difference was found in the presence or absence of allopurinol using RBCs from normotensive (p ϭ 0.7) or hypertensive (p ϭ 0.2) volunteers. C, the ratio of NO production using RBCs at pH 6.5 (n ϭ 3). No significant difference was found between NO production in the presence or absence of allopurinol. The ratio of NO production in the presence or absence of allopurinol from nitrite reduction by adding oxygenated RBCs to a deoxygenated nitrite solution (20 ml, 20 mM) at pH 6.5 was 0.98 (n ϭ 3) and by adding deoxygenated RBCs to a deoxygenated nitrite solution (20 ml, 20 mM) was 1.01 (n ϭ 3). No significant difference was found in the presence or absence of allopurinol for oxygenated (p ϭ 0. 5-8) . The purified bovine XOR, mouse, and human liver lysates show protein with a molecular mass consistent with the monomer of XOR at 150 kDa, whereas RBC ghost preparations do not. of nitrosyl hemoglobin, chemiluminescent detection of NO, and inhibition of platelet activation (Table 1) . Similarly to the experiments conducted using allopurinol, EPR was used to determine the concentration of HbNO formed at 15 and 30 min in the mixture and 50 min in the supernatant in the presence or absence of L-NAME at pH 7.4 (Table 1) or 6.8 (Table 1) under 37°C. The results show that the NO synthase inhibitor L-NAME does not affect HbNO yield at pH 7.4 or 6.8. Detection of NO by chemiluminescence was also employed, and the results are shown in Table 1 . Deoxygenated RBCs incubated with or without L-NAME were added to a deoxygenated nitrite solution, and NO was produced from nitrite reduction at pH 7.4 or 6.8 and 37°C. The ratios between NO productions by deoxygenated RBCs in the presence or absence of L-NAME were calculated at pH 7.4 (1.02 Ϯ 0.1, n ϭ 3) and 6.8 (0.98 Ϯ 0.1, n ϭ 3). No significant difference was found due to L-NAME at pH 7.4 (p ϭ 1) or 6.8 (p ϭ 0.7). In addition, oxygenated RBCs incubated with or without L-NAME were added to a deoxygenated nitrite solution at pH 7.4 or 6.8 and 37°C (data not shown). The ratios between NO productions by oxygenated RBCs in the presence or absence of L-NAME were calculated at pH 7.4 (1.00 Ϯ 0.1, n ϭ 3) and 6.8 (1.01 Ϯ 0.03, n ϭ 3). There was no significant difference due to L-NAME at pH 7.4 (p ϭ 0.9) or 6.8 (p ϭ 0.7). Additionally, we examined the role of eNOS in nitritedependent reduction in platelet activation. Similarly to allopurinol, L-NAME did not significantly affect the inhibition of platelet activation by nitrite and RBCs at pH 7.4 (p ϭ 0.8, n ϭ 5, Table 1 ) or 6.8 (p ϭ 0.9, n ϭ 4, Table 1 ). In addition, we did not observe a significant effect of L-NAME on nitritemediated inhibition of platelet aggregation ( Table 1) .
Effects of Inhibition of Carbonic Anhydrase on Erythrocytic Nitrite Bioactivation-We tested the effects of inhibition of CA on HbNO formation due to nitrite (100 M) reduction using EPR at pH 7.4 and 37°C ( Fig. 5A and Table 1 ). We used two formulations of CA inhibitor dorzolamide (labeled DZ and Trusopt), and neither one had a significant effect on NO production from nitrite as measured by EPR. We also saw no effect of DZ on HbNO formation by RBCs using 10 M nitrite (p Ͼ 0.3, data not shown). Similarly, we detected no effect of DZ on NO production by RBCs using chemiluminescent detection of NO ( Fig. 5B and Table 1 ). However, DZ did significantly blunt nitrite-mediated inhibition of platelet activation when 10 M nitrite was used ( Fig. 5D and Table 1 ) and trended toward blunting nitrite-mediated inhibition of platelet activation when 1 M was used ( Fig. 5C ) but had no effect when 100 M nitrite was employed (Fig. 5E ). Use of DZ did not directly affect platelet inhibition when a NO donor was used ( Fig. 5F ) and also did not directly react with nitrite as determined by chemiluminescent detection of nitrite in the presence of up to 10 mM DZ (data not shown).
Evidence That Hemoglobin Is the Primary Erythrocytic Nitrite Reductase under Physiological Conditions-When red blood cells were partially deoxygenated by 5% CO 2 , the balance nitro-gen instead of pure nitrogen, nitrite (10 M)-mediated inhibition of platelet activation was no longer significantly affected by DZ (Fig. 6A, Table 1 ). In addition, 100 M nitrite strongly inhibited platelet activation when RBCs were deoxygenated with 5% CO 2 balance nitrogen, and DZ had no effect (Fig. 6B) . Importantly, use of 5% CO 2 had no effect on inhibition of platelet activation using NO donors (data not shown). Further evidence that Hb, rather than CA, is primarily responsible for RBC-mediated nitrite bioactivation is shown in Fig. 6C where we confirm that nitrite bioactivation is more potent when the RBCs are deoxygenated as opposed to oxygenated (percent reduction is 10.2% Ϯ 8.5% for deoxyRBCs and 1.7% Ϯ 4.9% for oxyRBCs, p ϭ 0.02).
To further examine whether Hb is primarily responsible for nitrite reduction in the red blood cell, we inhibited its activity using CO. The nitrite reduction activity of any enzymes other than deoxygenated hemoglobin, such as XOR, eNOS, and CA could be elucidated by examining HbNO production using EPR (Fig. 7A) . Additionally, the NO donor DEANONOate was added to RBC-CO solution to ensure HbNO could form with NO replacing CO due to hemoglobin's higher affinity for NO compared with CO (47) . DEANONOate was also added to deoxygenated RBCs to determine the exact amount of NO released. Fig. 7A shows the representative raw EPR signals of HbNO formed at 15 and 30 min during experiments. The signals of HbNO formed during the incubation of nitrite and RBC-CO at 15 and 30 min are flat. Three repeats of the experiment gave us all zero values for HbNO concentration (data now shown). A lack of HbNO formed during the incubation of RBC-CO and nitrite demonstrate that other enzymes, such as XOR, eNOS, and CA, do not play a big role in erythrocyteassociated nitrite reduction compared with deoxygenated hemoglobin.
CO was also employed in the detection of NO production using chemiluminescence. The signals of NO production were observed when deoxygenated RBCs that had been incubated with or without allopurinol (Fig. 7B ), L-NAME (Fig.  7C ), or DZ (Fig. 7D) , were added to a CO-saturated nitrite solution at pH 7.4 and 37°C. None of these enzymatic inhibitors has any effect. NO production was greatly attenuated because deoxygenated RBCs bind CO at a very fast rate, and the hemoglobin-mediated nitrite reduction was blocked by CO. The small bumps of signals can be explained by the NO production from nitrite reduction by a small amount of deoxygenated hemoglobin with free heme sites that is present before CO binding. After that, NO production was blocked, and no signal was observed.
We attempted to see if CO would blunt nitrite-mediated inhibition of platelet activation by RBCs, but we found, interestingly, that CO itself blunts NO-mediated inhibition of platelet activation using an NO donor (data not shown), probably because CO displaces NO on the platelet-soluble guanylate cyclase and CO does not activate soluble guanylate cyclase as well as NO.
DISCUSSION
Experiments demonstrating that nitrite only inhibits platelet activation in the presence, but not the absence, of red blood cells and that this inhibition is abrogated when a NO scavenger is employed (37) , strongly support a role of the RBC in mediating bioactivation of nitrite. In this work we have explored different pathways that have been previously suggested to be responsible for nitrite bioactivation by RBCs: Hb (5), XOR (9, 31) , CA (43) , and NOS (31) . Our EPR experiments using specific inhibitors of XOR, NOS, and CA clearly show that these do not contribute significantly to NO production in the RBC. Moreover, measurement of HbNO in the supernatant by EPR suggests that they do not contribute to NO export from the RBC either. These results were confirmed in our experiments using chemiluminescence detection of gas-phase NO export. The fact that CO abrogated NO production as measured by EPR supports a primary role of Hb in NO production by the RBC. Inhibitors of XOR and NOS had no effect on nitrite-mediated inhibition of platelet activation by RBCs, as also observed recently (38) . However, the CA inhibitor DZ did blunt inhibition of platelet activation under certain conditions but not when 5% CO 2 was employed.
Previous work has demonstrated a substantial reduction in nitrite-mediated NO production by RBCs as measured by chemiluminescence when employing NOS and XOR inhibitors at pH 6.8 (31) , and XOR was found to be especially important in nitrite bioactivation from RBCs obtained from individuals with hypertension (9) . In experiments where we added exogenous XOR, we found that concentrations greater than that found in the liver were necessary to compete with deoxyHb for reduction of nitrite to NO ( Figs. 1 and 2) . In our studies where we did not add exogenous XOR, we did not observe any effects of XOR or NOS inhibition on RBC-mediated nitrite bioactivation using EPR detection of HbNO, a chemiluminescence assay or inhibition of platelet activation assays. Apparent discrepancies between these results and previous ones using the chemiluminescence assay may be largely due to subtle differences in meth-ods employed, including the fact that our chemiluminescence assay employed 10 mM nitrite, whereas previous measurements employed 10 -100 M nitrite (9, 31) . Differences in solution conditions that may have led to different populations of XOR versus xanthine dehydrogenase may also account for some discrepancies. In addition, it is important to point out that whereas we examined RBCs from patients with controlled hypertension who were taking medication, the previous study examined RBCs from drug-naive patients (9) . Further work would be useful to elucidate conditions where erythrocytic XOR or NOS contribute to NO production from nitrite by RBCs, but contributions from these enzymes under conditions studied here using various assays were minimal.
We found that inhibition of CA by DZ affected nitritemediated inhibition of platelet activation by RBCs only under certain non-physiological conditions, yet DZ had no significant affect on NO production from RBCs. When CO 2 was maintained at 5%, DZ no longer had an effect. One possible explanation for these data is that CA forms a species that can become NO in the platelet, but CO 2 or bicarbonate competitively inhibits formation of this species. Overall, our black arrow) . B, representative raw signals of NO production from nitrite reduction by adding deoxygenated RBCs that had incubated with (in red) or without (in blue) allopurinol (100 M) to a CO saturated nitrite solution at pH 7.4 and 37°C. Deoxygenated RBCs was added to nitrite solution at ϳ2 min, and the signal of NO production was observed for 5 min. C, representative raw signals of NO production from nitrite reduction by adding deoxygenated RBCs that had incubated with (in red) or without (in blue) L-NAME (300 M) to a CO saturated nitrite solution at pH 7.4 and 37°C. D, representative raw signals of NO production from nitrite reduction by adding deoxygenated RBCs that had incubated with (in red) or without (in blue) DZ (250 M) to a CO saturated nitrite solution at pH 7.4 and 37°C.
results suggest that Hb is the main protein responsible for nitrite bioactivation from RBCs.
